Abstract The localization of yellow fluorescent protein (YFP)-tagged HSP70 proteins was employed to identify stress-sensitive sites in human neurons following temperature elevation. Stable lines of human SH-SY5Y neuronal cells were established that expressed YFP-tagged protein products of the human inducible HSP70 genes HSPA6 (HSP70B′) and HSPA1A (HSP70-1). Following a brief period of thermal stress, YFP-tagged HSPA6 and HSPA1A rapidly appeared at centrioles in the cytoplasm of human neuronal cells, with HSPA6 demonstrating a more prolonged signal compared to HSPA1A. Each centriole is composed of a distal end and a proximal end, the latter linking the centriole doublet. The YFP-tagged HSP70 proteins targeted the proximal end of centrioles (identified by γ-tubulin marker) rather than the distal end (centrin marker). Centrioles play key roles in cellular polarity and migration during neuronal differentiation. The proximal end of the centriole, which is involved in centriole stabilization, may be stress-sensitive in post-mitotic, differentiating human neurons.
Introduction
Manipulation of the cellular stress response, involving the induction of heat shock proteins (HSPs), has been proposed as a potential therapeutic strategy to combat changes in neural proteins which trigger pathogenic cascades resulting in neurodegenerative diseases (Muchowski and Wacker 2005; Asea and Brown 2008; Ali et al. 2010; Gestwicki and Garza 2012) . HSPs are protein repair agents that provide a line of defense against misfolded, aggregation-prone proteins (Muchowski and Wacker 2005; Brown 2007; Kim et al. 2013) . As average life expectancy increases, neurodegenerative diseases have become a major problem in the human population; hence, the development of effective treatments and preventive measures is imperative (Asea and Brown 2008; Di Carlo et al. 2012; Murman 2012; Chow et al. 2013 ). Animal models of neurodegenerative diseases have been constructed in order to investigate the molecular mechanisms of these debilitating neural disorders and to develop potential therapeutic strategies (Hirsch 2007; Phillips et al. 2009; Avila et al. 2011) .
HSP70 is a multigene family that includes the stress-inducible members HSPA6 (HSP70B′) and HSPA1A (HSP70-1) (Tavaria et al. 1996; Daugaard et al. 2007; Brocchieri et al. 2008; Kampinga et al. 2009 ). The human genome includes stressinducible HSPA6 which is not found in the mouse and rat genome; hence, it is not present as a potential beneficial factor in animal models of neurodegenerative diseases to counter misfolded proteins (Chow and Brown 2007; Noonan et al. 2007a Noonan et al. , 2008a . It has been suggested that these HSP70 family members could exhibit differences in their functions (Daugaard et al. 2007; Hageman et al. 2011) . HSP70 has been widely studied in the literature (Kiang and Tsokos 1998; Evans et al. 2010; Young 2010) . However, information on the cellular expression of HSPA6 is limited with reports on human colon cancer cells (Noonan et al. 2007a, b; 2008a, b) and human macrophages (Smith et al. 2010) . In the field of neuroscience, expression of HSPA6 has been studied in our laboratory using human SH-SY5Y neuronal cells (Chow and Brown 2007; Chow et al. 2010) .
In the present report, we investigate localization of the yellow fluorescent protein (YFP)-tagged protein products of the HSPA6 and HSPA1A genes following thermal stress in order to identify stress-sensitive "hot spots" in post-mitotic human neuronal cells. Our results indicate that YFP-tagged HSPA6 and HSPA1A rapidly localize to centrioles. These structures play important roles in cellular polarity and migration during neuronal differentiation (Tsai and Gleeson 2005; Higginbotham and Gleeson 2007; de Anda et al. 2010; de Anda and Tsai 2011) .
Results and discussion
In order to investigate the localization of HSPA6 (HSP70B′) and HSPA1A (HSP70-1) proteins in human neuronal cells following thermal stress, a strong detectable marker, namely, an enhanced YFP was fused to the N terminus. Transfected cells were selected for transgene expression, subjected to fluorescence activated cell sorting, and stable cell lines generated (Fig. 1a) . Western blot analysis demonstrated that cell lines expressing YFP-tagged HSPA6, YFP-tagged HSPA1A, and YFP were obtained (Fig. 1b) .
Immediately following thermal stress at 43°C for 20 min, YFP-tagged HSPA6 and HSPA1A were detected in prominent structures resembling centrioles in the cytoplasm of post-mitotic, differentiating human neurons (Fig. 2a) . In controls, the YFPtagged proteins were diffused throughout the cytoplasm. YFP-HSPA1A was present at putative centrioles at the 1-h time point and not detectable at 3 h. In contrast, YFP-HSPA6 persisted for longer time periods after thermal stress and was still apparent at 3 h. As shown in Fig. 2b , the cytoplasmic structure that was positive for YFP-tagged HSPA6 aligned with the signal of a centriole marker. The appearance of HSPA6 at centrioles was rapid but transient after thermal stress, as signal was not present at 4 h (Fig. 2a, b) . The centrioles were still present at 4 h as evidenced by the centriole marker (Fig. 2b) .
The observation of a prolonged YFP-HSPA6 signal at centrioles was confirmed by quantification as shown in Fig. 3a . At 2 h, 87 % of the neuronal cells in the YFP-HSPA6 line were positive for a signal in centrioles, whereas only 31 % were positive in the YFP-HSPA1A cell line. At 3 h, (Chow et al. 2009)] . The coding region of HSPA6 was purchased from RZPD (Berlin, Germany). These coding regions were cloned into the pEYFP-C1 plasmid (Clontech, Palo Alto, CA, USA) fused in-frame with enhanced YFP at the N terminus. The human SH-SY5Y cell line (American Type Culture Collection, Manassas, VA, USA) was maintained in Dulbecco's modified Eagle's medium supplemented with 10 % fetal bovine serum and cultured at 37°C in a humidified 5 % CO 2 atmosphere. SH-SY5Y cells constitutively expressing YFP-HSPA6 or YFP-HSPA1A were generated by transfection with the respective YFP fusion construct using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Transfected cells were selected with 500 μg/ml G418 (Sigma, St Louis, MO, USA) for 6 days. Stable SH-SY5Y cell lines expressing YFP-HSPA6, YFP-HSPA1A, and YFP proteins were then generated by fluorescence activated cell sorting employing a FACSAria cell sorter (Becton Dickinson, Mississauga, ON, Canada) based on comparable YFP fluorescence levels. b Western blot of neuronal cell lines expressing YFP-HSPA6, YFP-HSPA1A, and YFP proteins. NT non-transfected. SH-SY5Y cells were harvested, solubilized in Laemmli buffer, boiled for 20 min, and Lowry assays performed for protein quantification. Equal loadings of 30 μg protein per lane were separated by 12 % SDS-PAGE using the Mini-PROTEAN 3 Electrophoresis Module Assembly (Bio-Rad Laboratories, Hercules, CA, USA) with a stacking gel of 4 % using the standard buffer system of Laemmli before transfer to nitrocellulose membranes. Western blotting was performed with antibodies to YFP (clone JL-8, Clontech) for detection of fusion proteins and β-tubulin (MAB3408, Chemicon, Temecula, CA, USA) as loading control. Horseradish peroxidase conjugated secondary antibodies (Sigma) were detected by enhanced chemiluminescence assay (Amersham, Piscataway, NJ, USA). Western blots representative of three experimental repeats are shown the percentage of cells positive for a centriole signal was 34 and 2 %, respectively. Analysis of neuronal proteins isolated at time points after thermal stress indicated that levels of YFP-HSPA6 and YFP-HSPA1A did not change, suggesting that the prolonged YFP-HSPA6 signal at centrioles compared to that of YFP-HSPA1A was not due to degradation of YFP-HSPA1A (Fig. 3b) .
Each component of the doublet centriole has a distal and a proximal end (Azimzadeh and Marshall 2010; Bornens 2012) . The localization of YFP-tagged proteins was next investigated at higher magnification using marker proteins of either the distal (centrin) or the proximal end (γ-tubulin) of the centriole (Bornens 2002; Brito et al. 2012) . YFP-HSPA6 colocalized with γ-tubulin rather than centrin (Fig. 3c) , suggesting that YFP-HSPA6 was associated with the proximal but not the distal end of the centriole. Similar results were obtained for YFP-HSPA1A (data not shown).
Centrosomes play key roles in cellular polarity and migration during neuronal differentiation (Tsai and Gleeson 2005; Higginbotham and Gleeson 2007; de Anda et al. 2010 ; de Anda , was induced by treatment with 10 μM all-transretinoic acid in serum free media and incubation at 37°C for 72 h. Cells were then heat shocked under serum free conditions by immersion in a circulating water bath calibrated at 43°C±0.1°C for 20 min, returned to incubation at 37°C, and harvested at the indicated time points, with time zero being the commencement of the heat shock at 43°C. At the indicated time points, cells were fixed with 4 % paraformaldehyde in phosphate buffered saline (PBS; pH 7.4) at room temperature for 30 min. Cells were then permeabilized with 0.1 % Triton X-100 in PBS containing 100 mM glycine for 30 min, washed, and blocked with 5 % fetal bovine serum (FBS) in PBS for 2 h. Incubation with primary antibodies was performed in 1 % FBS in PBS overnight. Cells were then washed and incubated with fluorescently labeled secondary antibodies before mounting and imaging by structural illumination using an AxioCam HRm camera with an ApoTome module on an AxioVert 200 M microscope (Carl Zeiss, Toronto, ON, Canada). Primary antibody against γ-tubulin (11-543; Exbio, Prague, Czech Republic) was employed in combination with donkey anti-mouse Alexa-Fluor 647 secondary antibody (Invitrogen). DAPI (300 nM) (Invitrogen) was used as a counter stain for nuclei and Tsai 2011) . These structures have also been implicated in neurodegenerative diseases (Bornens 2002; Badano et al. 2005; Diaz-Corrales et al. 2005 Bradshaw et al. 2008; Kuijpers and Hoogenraad 2011) . Centrosomes are composed of two perpendicular barrel-shaped microtubule-based cylinders termed "centrioles" surrounded by pericentriolar material (Bornens 2002 (Bornens , 2012 Azimzadeh and Bornens 2007; Bettencourt-Dias and Glover 2007; Azimzadeh and Marshall 2010; Nigg and Stearns 2011; Brito et al. 2012; Gonczy 2012) .
In the present study, rapid localization of YFP-HSPA6 and YFP-HSPA1A to centrioles in the cytoplasm of post-mitotic, differentiating SH-SY5Y human neuronal cells was observed following thermal stress, with YFP-HSPA6 demonstrating a more prolonged association. During in vivo development, young neurons go through a bipolar stage that is critical for their maturation (Nadarajah et al. 2001; LoTurco and Bai 2006; Barnes and Polleux 2009) . After treatment with retinoic acid, SH-SY5Y cells appeared as bipolar cells with extended neural cellular processes. In the literature, studies on the localization of HSP70 proteins have focused on dividing cells, regarding the centrosome as an entity rather than individual centrioles with proximal and distal ends (Brown et al. 1996; Hut et al. 2005; Scieglinska et al. 2008 ). The present study demonstrates that HSP70 proteins localize to the proximal rather than the distal ends of centrioles in post-mitotic, differentiating human neurons following thermal stress.
Centrioles are polar structures that exhibit structural and functional differences at their distal and proximal ends. The distal end is involved in microtubule nucleation, whereas the proximal end has a fibrous network that connects the two centrioles and also a cartwheel structure that forms the assembly and stabilizing base of the barrel-shaped centrioles (Bornens 2002 (Bornens , 2012 Azimzadeh and Bornens 2007; Azimzadeh and Marshall 2010) . Interestingly, proteins at the proximal end of the centriole have been implicated in the formation of the primary cilium (Molla-Herman et al. 2008 ), a stress-sensitive antennae-like structure that plays essential roles in the regulation of sensory and signaling systems during neurogenesis (Breunig et al. 2008; Spassky et al. 2008; Baudoin et al. 2012; Prodromou et al. 2012) . Dysfunction of the primary cilium leads to neurological disorders termed "ciliopathies" that have pronounced effects on neural development (Green and Mykytyn 2010; Lee and Gleeson 2011; Louvi and Grove 2011) .
Localization of HSP70 proteins to the proximal end of the centriole in differentiating human neurons suggests that this cytoplasmic structure is a stress-sensitive hot spot, and that key proteins in the cellular stress response may play roles in protecting it against stress-induced damage during neuronal differentiation.
Neurogenesis occurs during early development of the brain but also throughout adult life (Lindsey and Tropepe 2006; Ming and Song 2011; Kempermann 2012) . Protection of neurogenesis through HSP70-mediated reinforcement of centrioles could be beneficial in the treatment of neurodegenerative diseases, which are characterized by neuronal loss (Mehler and Gokhan 2000; Culmsee and Landshamer 2006) . It has been noted that aberrations in centrosomal proteins are were sampled and the average counts of three independent experiments used for statistical analysis. Data were expressed as the mean ± standard error of the means. Two-way analysis of variance followed by Bonferroni test for pair-wise comparison of means was used to assess significant differences (*p <0.05). Both YFP-HSP70 proteins appear rapidly at centrioles; however, YFP-HSPA6 remained at centrioles for up to 3 h, whereas YFP-HSPA1A did not. b Western blot analysis of YFP-HSPA6 and YFP-HSPA1A levels at time points following thermal stress. Prolonged YFP-HSPA6 at centrioles compared to that of YFP-HSPA1A was not due to degradation of YFP-HSPA1A. NT non-transfected. c Localization of YFP-HSPA6 to the proximal end of centrioles. YFP-HSPA6 colocalized with γ-tubulin, a marker of the proximal end of centrioles and not with centrin (Cat. no. 04-1624; Millipore, Billerica, MA, USA), a marker of the distal end. Scale bar represents 5 μm linked to brain disorders (Badano et al. 2005; Diaz-Corrales et al. 2005 Bradshaw et al. 2008; Kuijpers and Hoogenraad 2011) .
HSPA6 is present in the human genome; however, it is not found in mouse and rat (Chow and Brown 2007; Noonan et al. 2007a Noonan et al. , 2008a . Hence, a component of a centriole defense mechanism in the human brain could be missing in current animal models of human neurodegenerative diseases. Evolution of the very large human brain imposes a high demand on neuronal migration during development (Letinic and Rakic 2001; Rao and Wu 2001) . Much greater distances must be traversed in the human brain compared to the rodent brain, as differentiating neurons migrate to their functional sites in the nervous system. In addition, a pathway for neuronal migration has been reported in the human brain that is not present in other mammals (Letinic and Rakic 2001; Rao and Wu 2001; Clowry et al. 2010) . This suggests that neuronal migration has played a key role in the evolution of the human brain and its development. The presence in human of HSPA6 that rapidly localizes to the proximal end of centrioles following cellular stress, and resides there longer than HSPA1A, could provide critical benefits to buffering neuronal migration from cellular stress in the human brain. Differences between HSPA6 and HSPA1A have been noted at the N-terminal ATPase domain (Hageman et al. 2011 ) and the C-terminal alpha helical lid region (Zhu et al. 1996; Noonan et al. 2008a) , potentially leading to variation in co-chaperone interaction and regulation of substrate binding kinetics. This difference may relate to the prolonged residence of HSPA6 at the centriole. Furthermore, HSPA6 was found to exhibit specificity for the client protein p53 (Hageman et al. 2011) , which has been shown to localize to the centrosome (Tritarelli et al. 2004; Ma et al. 2006) .
